We propose a novel modulation scheme for intensity modulation and direct detection (IM/DD) based optical communication system employing orthogonal frequency division multiplexing (OFDM). This method utilizes the DC-bias, which typically is discarded at the receiver-end, to carry information to achieve higher power efficiency. By formulating and solving a convex optimization problem, a constellation in high dimensional space is designed offline for the input of the transmitter-side inverse fast Fourier transform (IFFT) block. We point out that one can choose partial or full DC power for information transmission. Under the condition that the spectrum efficiency is fixed and attainable, this method bears notable power gain over traditional DC-biased optical OFDM (DCO-OFDM).
I. INTRODUCTION
Optical communication using visible light, infrared, or ultraviolet are promising candidates to provide high-speed indoor/outdoor wireless access on non-regulated frequency bands [1] , [2] . Unlike the radio frequency communication (RFC) systems, the light intensity is controlled to convey information in optical communications. The baseband signals are required to be positive and real, which impose some constraints on applying existing radio-frequency modulation schemes, such as the orthogonal frequency division multiplexing (OFDM). Among plenty of schemes proposed for Optical OFDM (O-OFDM), the asymmetrically-clipped optical OFDM (ACO-OFDM) and DC-biased optical OFDM (DCO-OFDM) proposed by J. Armstrong etc. are the most popular [3] . However, the ACO-OFDM scheme suffers from reduced spectral efficiency since only 1/4 of the subcarriers carry information, and the DCO-OFDM scheme suffers from low power efficiency due to use of a large DC-bias to compensate for the negative peak.
Significant efforts have been made to improve the ACO-OFDM and DCO-OFDM, such as bit-loading, adaptive modulation methods, etc [4] , [5] , [6] . However, one common issue is the employment of a non-informative DC-bias (for DCO-OFDM), which is subtracted before demodulation at the receiver-side. It reduces the system power efficiency significantly. Therefore, we propose to use the DC-bias as one dimension of information basis, and design a joint constellation across multiple subcarriers before the IFFT. Such scheme is termed DC-Informative Optical OFDM (DCIO-OFDM). Note that our constellation points are sphere-packed in high dimensional space, which shows a more compact structure than lower dimensional counterparts, e.g. when independent M i − QAM (M i -ary quadrature amplitude modulation) is applied for each subcarrier.
It is worth noting that either full or partial DC-bias can be utilized as information basis with DCIO-OFDM, termed full DCIO-OFDM and partial DCIO-OFDM, respectively. The system power gain is expected to grow with the ratio of the informative DC power over the total DC power. Specifically, adopting partial DCIO-OFDM indicates a hybrid scheme between DCIO-OFDM and DCO-OFDM. The system designers can choose an optimal informative DC power ratio according to the desired system configurations.
The remainder of this letter is organized as follows. In Section II, we show the system diagram of the traditional DCO-OFDM and the proposed DCIO-OFDM. In Section III, we formulate a convex optimization problem to optimize the constellation for DCIO-OFDM that minimizes system error rate. Numerical results are provided in Section IV. Finally, Section V concludes this paper. 
II. FROM DCO-OFDM TO DCIO-OFDM A. Signal Model
Consider the block diagrams of IM/DD based DCO-OFDM and DCIO-OFDM schemes, as shown in Fig. 1 . The transmitter (Tx) can be light-emitting diodes (LED) or lasers within a broad optical spectrum depending on application scenario. The frequency-domain discrete channel model that links input symbolsx to transmitter IFFT to output symbolsỹ of receiver FFT is given as
wherex is the transmitter-side frequency-domain (independent) complex symbols of size N × 1 where N is the length of IFFT, γ is the electrical to optical and η is the optical to electrical conversion factors respectively 2 , Σ H is an N ×N diagonal matrix obtained from a decomposition of the circular channel H,ỹ is the reconstructed frequency-domain symbols after receiver-side FFT, n is an additive white Gaussian noise (AWGN) representing the sum of thermal and shot noises. The matrix W is an N × N DFT matrix with elements
, which is unitary and thus multiplying W with n does not change the statistics of n.
Note that for an N-point DCO-OFDM scheme [3, Eq.1], the frequency domain (FD) symbols have the following structurex
where x 0 and x N/2 are set as zeros, and
N −i is assumed to guarantee the realness of the bipolar output of IFFT. To make x unipolar, a DC-bias vector is added as followŝ
where 1 is an N × 1 all one vector, B DC,zdB = k E{x(t) 2 } is defined as a bias of z = 10 log 10 (k 2 + 1)dB [3] , where k is a proportionally constant and E{x(t) 2 } is the expectation of the power of time-domain signal after digital to analog (DA) conversion. Here for simplicity we assume the DA is done using a zero-order hold circuit, such that the negative peak values of x and x(t) are the same.
Assume that the constellation is jointly designed across only part of the sub-carrier. Let N J be the number of independent sub-carriers other than the 0 th subcarrier, that are jointly designed with the 0 th subcarrier. The value ofx N/2 is set to be zero. Note that, due to the conjugate symmetry of the DCO-OFDM symbols before the IFFT, the number of subcarriers involved into the joint design is 2N J + 1. Let M be the number of joint constellation points. Note that, for a full DCIO-OFDM, all independent subcarriers are jointly designed, i.e., N J = N/2 − 1; and for a partial DCIO-OFDM, some independent subcarriers are designed jointly and others are designed independently, i.e., N J < N/2 − 1. For a full DCIO-OFDM, there is no "bias adding" operation, since with properly designed constellation symbols, the output of IFFT x i is ensured to be non-negative.
Additional features of the proposed scheme include:
• Mapping/De-mapping are done based on the Binary Switching Algorithm (BSA) that minimizes the number of bits in error with one symbol error [9] ; • No signal clipping is needed as long as (convex) dynamic range constraints are imposed on x i with the design.
B. Constellation Points Design
Note that, for DCO-OFDM, an equivalent scheme is feasible by settingx 0 = √ N B DC,zdB and adding no DC after DA, as long as B DC,zdB is estimated before IFFT instead of being measured after DA. This motivates us to wonder how the 0-th subcarrier can be better utilized, e.g. to be made adaptive to carry information bits.
We propose a joint mapping scheme instead, and the combined information bit sequences of length N b are jointly mapped to a real constellation matrix
where the m-th
N b is the constellation size, and N J ≤ N/2−1 is the number of subcarriers allocated for the joint constellation design part. If N J = N/2 − 1, we term the associated scheme as full DCIO-OFDM; and if N J < (N − 1)/2, it is termed partial DCIO-OFDM, and the rest N − N J subcarriers are still independently applying, e.g. M i − QAM. The constellation signal set needs to be properly designed such that x is non-negative guaranteed.
Note that c 
and to guarantee realness after IFFT, subcarrier N − k takes value from
For the n-th IFFT output, the joint constellation component can be derived based on the DC and the N J subcarriers applying the m-th joint constellation symbol, which is constrained to be nonnegative, i.e.,
where φ n is given by
T and ℜ(a) and ℑ(a) denote the real and imaginary part of a, respectively. Denote the n-th IFFT output corresponding to independent constellation design as x n,Indep . Thus, the n-th output of IFFT is the sum over the joint design component and the independent design components, given as follows,
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where the DC value B ′ DC < B DC,zdB is expected due to the joint design components x (m) n,Joint .
III. PROBLEM FORMULATION We propose the optimal design of a stacked constellation vector of size M(
by maximizing the minimum Euclidean distance (MED) among c (m) , subject to a non-negative IFFT output constraint and a total energy constraint.
A. The objective function
To guarantee that the MED is larger than or equal to d min , the following constraint must be satisfied,
where E pq is given by [7] 
where ⊗ denotes the Kronecker product, I M is an M×M identity matrix, and e p = [0, . . . , 1, . . . , 0]
T with a 1 as the p-th element. Based on a linear approximation at a point c (s)T 0
, the non-convex constraints in (12) can be turned into convex ones, i.e.
B. The Non-negative Constraint As in (7), the IFFT of the joint constellation part needs to be non-negative, i.e.,
where
C. The Average Electrical Power Constraint
We constrain that the average electrical power is P a . Let P (m) be the power of the m-th joint modulated subcarriers including the conjugated subcarriers. Assume the same power P Indep for all N − 2N J − 2 independent subcarriers. Then, the average electrical power of OFDM blocks is calculated as follows,
needs to be designed via the following optimization,
IV. SIMULATION RESULTS We show an illustrative design example, where the key system parameters are chosen as follows: N = 8, N J = 3 (full) thus P Indep = 0, N b = 6 and thus M = 64. For a regular DCO-OFDM system in comparison, we assume M f = 3, and that the subcarrier symbols take value from [±1 ± j] thus P Indep = 2 and MED equals 2. A fixed bias B DC can either be determined by exhaustive calculation according to all possible combinations of IFFT input symbols, or by applying equation B DC,zdB = k E{x(t) 2 }. Since N is small, the complexity of exhaustive search is affordable and thus employed. Note that, for large N, a 7dB or 13dB DC-bias is typically employed. For the above-mentioned DC bias, the associated sum powers of DCO-OFDM are denoted as P E , P 7dB and P 13dB , respectively; and the same average powers are employed for independent constellation design.
Heuristically, the DCIO-OFDM can outperform the DCO-OFDM, only when d min > 2 is achieved 4 , since the SER under sufficient signal-to-noise ratio can be written as
where N 0 is the power spectrum density of noise, α is a scaler depending on constellation size, the number of nearest constellation neighbors, etc., and Q(·) is the Gaussian Q-function which governs the SER. The bit error rate associated is denoted by
E s , where λ is the number of bits in error for each symbol in error. On average, around 2 bits are off target for every wrong symbol carrying 6 bits with the help of this mapper. The details are shown in [10] and thus omitted here for conciseness.
We solve (16) via setting 100 points of c (s) 0 for initialization, for a flat-fading channel with Σ H = I. We consider the following three scenarios:
• when the minimum bias B DC,E = 2.14 is applied for DCO-OFDM, the lowest power P DCO,E = 16.58 is associated, and the obtained MED for IDCO-OFDM when P IDCO = P DCO,E is d min = 2.27;
• when the medium (7dB) bias B DC,7dB = 2.45 is applied for DCO-OFDM, the medium power P DCO,7dB = 18.01 is associated, and the obtained MED for IDCO-OFDM when P IDCO = P DCO,7dB is d min = 2.37;
min equals the integration of amplitude difference square of two neighboring symbols over one interval, it has the same unit with N0.
• when the high (13dB) bias B DC,13dB = 5.33 is applied for DCO-OFDM, the lowest power P DCO,13dB = 40.41 is associated and the obtained MED for IDCO-OFDM when P IDCO = P DCO,13dB is d min = 3.55. The bit-error-rate versus signal-to-noise ratios for the above threes scenarios are shown in Fig.  2 . It is observed that, at BER requirement 10 −5 , around 0.5dB power gain is achieved by IDCO-OFDM with minimum power, and this gain goes beyond 1dB with medium and high powers. For frequency-selective fading channels, similar gain of the DCIO-OFDM is observed. The details are omitted here due to the lack of space.
V. CONCLUSION AND FUTURE WORKS
We have proposed a novel IFFT-based optical OFDM scheme which uses the DC-bias to carry information. In a high dimensional space including the DC and multiple subcarriers, optimized constellation is obtained through solving a convex optimization problem. Further, a BSA scheme is adopted to further reduce the system BER. Non-negligible power gains are observed from simulations. We believe that the idea of proposed DC-informative constellation design can be adopted to other optical modulation schemes.
